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nuclear localization is important in establishing transcriptionally
silent chromatin. M
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Methods

Strains and plasmids. Strains YSB35, YSB2, YSB41 and YSB2 were used to
measure targeted silencing as described10. All five membrane proteins were
cloned in-frame into the overexpression vector pMA424 (ref. 23) to create GBD

hybrids. The entire coding sequence was used for YIP1 (pEDA73) and MNN10
(pEDA96). The YIP3 hybrid encompassed amino acids 39–182 (pEDA85); the
YIF1 hybrid, amino acids 55–314 (pEDA76); and the STT3 hybrid, amino acids
45–720 (pEDA93). GBD–MNN10 (pEDA109) was constructed by digesting
pEDA96 with EcoRI and SalI and subcloning the MNN10 fragment into
pGBT9C. To make MNN10–GBD, a PCR fragment with the MNN10 coding
region was cloned into the BamHI site of the C-terminal GBD fusion vector
D134 (gift from R. Brazas). The SIR3 and SIR4 overexpression plasmids were
pJR104 and pHR643, respectively (from J. Rine’s laboratory).
Indirect immunofluorescence and western blot analysis. For immuno-
fluorescence, cells were grown to mid-log phase, fixed with formaldehyde and
prepared as described24. The primary antibody used was one directed against
GBD (Upstate Biotechnology). For western blots, strain YSB35 transformants
were grown to an absorbance at 600 nm of 1.0 and lysed by vortexing with glass
beads. Western blotting was done as described25 using the same anti-GBD

primary antibody to detect GBD hybrids.
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The principal heat-shock proteins that have chaperone activity
(that is, they protect newly made proteins from misfolding)
belong to five conserved classes: HSP100, HSP90, HSP70, HSP60
and the small heat-shock proteins (sHSPs). The sHSPs can form
large multimeric structures and have a wide range of cellular
functions, including endowing cells with thermotolerance in
vivo1,2 and being able to act as molecular chaperones in vitro3–8;
sHSPs do this by forming stable complexes with folding inter-
mediates of their protein substrates9,10. However, there is little
information available about these structures or the mechanism by
which substrates are protected from thermal denaturation by
sHSPs. Here we report the crystal structure of a small heat-shock
protein from Methanococcus jannaschii, a hyperthermophilic
archaeon. The monomeric folding unit is a composite b-sandwich
in which one of the b-strands comes from a neighbouring
molecule. Twenty-four monomers form a hollow spherical com-
plex of octahedral symmetry, with eight trigonal and six square
‘windows’. The sphere has an outer diameter of 120 Å and an inner
diameter of 65 Å.

The sHSPs are abundant and ubiquitous in nature; they range in
size from 12K to 42K and are found as large complexes of 200K–
800K. The sHSPs share a sequence of about 100 residues which is
homologous to a-crystallin from the vertebrate eye lens, and is
called the a-crystallin domain or small-heat-shock-protein domain.
The sHSP from M. jannaschii (MjHSP16.5, relative molecular mass
16.5K)11 also contains an a-crystallin domain composed of 90
residues (Fig. 1, residues 46 to 135). The domain has 20.7%
sequence identity with human aA-crystallin and 31.4% identity
with rice HSP16.9 (refs 3, 12). The protein forms homogeneous
oligomers and has molecular chaperone activity13. We have deter-
mined the crystal structure of MjHSP16.5 from M. jannaschii at
2.9 Å resolution by using single isomorphous replacement and non-
crystallographic symmetry (NCS) averaging (Table 1 and Fig. 2).

MjHSP16.5 is a hollow spherical complex composed of 24
subunits generated by a three-fold crystallographic symmetry
operation of an asymmetric unit containing eight subunits (Fig.
3a). These eight subunits, in turn, are related by three kinds of NCS:
four two-fold, one three-fold, and one four-fold symmetries. There-
fore, 24 subunits in the complex are related by an octahedral
symmetry, with a total of twelve two-fold, three three-fold, and
three four-fold NCS axes, and one three-fold crystallographic
symmetry axis11 (Fig. 3a). The outer diameter of the sphere is
,120 Å, and the inner diameter is ,65 Å (Fig. 3b). The inside of the
sphere is hollow and no remarkable electron density is found at the
current resolution. There are eight triangular and six square
windows on the surface of the sphere.

Each folding unit is composed of nine b-strands in two sheets,
two short 310-helices, and one short b-strand (Fig. 4a). One of the b-
strands comes from a neighbouring subunit. The amino-terminal
32 residues are highly disordered, but from residue 33 onwards,
including the entire a-crystallin domain (residues 46–135) and
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the carboxy-terminal extension, they are well ordered. The overall
structure of the folding unit has dimensions of 25 Å 3 28 Å 3 75 Å.
The longest dimension is parallel to the length of the b-strands.
Figure 1 shows the secondary structural elements of MjHSP16.5
aligned with homologous sHSPs. Two b-sheets are packed as
parallel layers: b1, 7, 5 and 4 of one subunit in one b-sheet and
b2, 3, 9 and 8 of the same subunit, and b6 of a neighbouring subunit
in the other b-sheet. In addition, there are two short 310-helices (a1
and a2) and one short b-strand, b10. The folding pattern of the
monomer is similar to a domain of the immunoglobulin Fc
fragment, although there is no sequence similarity between them.

Each subunit in the MjHSP16.5 complex makes extensive con-
tacts with other subunits in the complex. There are three different
subunit–subunit contacts: the contacts related by the two-, three-,
and four-fold NCSs (Figs 4b–d and Table 2). The most extensive
subunit intersubunit contacts are found around the two-fold axis:
the backbone atoms of the b2-strand in one subunit and the b6-
strand in the other subunit (in a two-fold related dimer) form
hydrogen bonds to make an intersubunit composite b-sheet. There
are also extensive hydrophobic contacts and ionic interactions as

well as interbackbone hydrogen bonds that stabilize the two sub-
units related by two-fold symmetry (Fig 4b, e and Table 2). The
putative substrate-binding region of the a-crystallin domain of
HSP18.1 which binds bis-ANS (ref. 10) is depicted in MjHSP16.5
(Fig. 4b) on the basis of the sequence alignment in Fig. 1 (loop
between b3 and b4). In this loop, which is located outside the
sphere, the conserved hydrophobic residues are involved in dimer
interaction. Around the four-fold symmetry axis, four subunits
make contact by hydrogen bonds, ionic, and hydrophobic interac-
tions (Fig. 4c, e and Table 2). The C-terminal region (residues 142 to
147) of one subunit reaches out and interacts with b4 and b8 of a
neighbouring subunit by hydrophobic interaction and backbone
hydrogen bonding. One residue at the C terminus (Lys 141) is also
involved in ionic interactions in this contact (Fig. 4e). Interactions
among the subunits around the three-fold axis are the least
extensive: one ionic interaction per subunit pair stabilizes two
adjacent subunits at each corner of the triangular window (Fig.
4d, e and Table 2). Forty-one per cent of the solvent-accessible
surface in each MjHSP16.5 monomer is buried at the intersubunit
contacts (3,247 Å2 out of 7,911 Å2). Of these, 48% of the contact
surfaces contribute to dimer formation, 42% to tetramer formation,
and only 10% to trimer formation. Of the dimer contacts, 66% are
due to nonpolar interactions, whereas only 31% are nonpolar
interactions in the tetramer. Combined with the composite nature
of the folding unit described earlier, this suggests that the dimer may
be the building block of the sphere.

The interior of the MjHSP16.5 spherical structure appears to be
empty at the current resolution. The inside volume of the sphere is
about 140,000 Å3, which is about 56% of the GroEL cylinder14.
Thr 33, the first ordered residue in the subunit, is located inside the
sphere and near the small square window around each four-fold
symmetry axis. This suggests that the disordered N-terminal resi-
dues are inside the sphere, which is in agreement with the observa-
tion that the N terminus of HSP16-2 from Caenorhabditis elegans
was found to be buried in the complex15. Interestingly, 49% of the
solvent-accessible surfaces in the interior of the sphere are com-
posed of nonpolar residues, in contrast to 22% on the outside
surface, which is reminiscent of the GroEL structure14. This implies
that the inside surface of the sphere is much more hydrophobic than
the outside surface, although a part of this may be due to the areas

                                      1   4         14                            20            32         42

HSP16.5  .......... .......... .......MFG RDPFDSLFER MFKEFF.... .......... ........AT PMTGTTMIQS STGIQISGKG FMPISIIEGD   
HSP16.3  ........AT TLPVQRHPRS LFP....... .......... .......... .......... ........EF SELFAAFPSF AGLRPTFDTR LMRLEDEMKE
sp21     .MADLSVRRG TGSTPQRTRE WDPFQQMQEL MNWDPF.... .......... .......... ........E. ...LANHPWF ANRQGPPAFV PA.FEVRETK  
Oshsp16.9....MSLV.. .....RRSNV FDPF....SL DLWDPF.... .......... .......... ........D. .SVFRSVVPA TSDNDTAAFA NARIDWKETP
HSP18.1  ....MSLIPS FFSG.RRSNV FDPF....SL DVWDPL.... .......... .......... ........KD FPFSNSSPSA SFPRENPAFV STRVDWKETP
HSP16-2  .......... ........MS LYHYFRPAQR SVFGDLMRDM ALMERQFAP. .......... .......... ..........     VCRISP SESSEIVNND
HSP25    ..MTERRVPF SLLRSPSWEP FRDWYPAHSR .LFDQAF.GV PRLPDEWSQW FSAAGWPGYV RPLPAATAEG PAAVTLAAPA FSRALNRQLS SGVSEIRQTA
αA cryst .......MDV TIQHPWFKRT LGPFY.P.SR .LFDQFF.GE GLFEYDLLPF LSSTISPYY. .R........ ........QS LFRTV...LD SGISEVRSDR
αB cryst .......MDI AIHHPWIRRP FFPFHSP.SR .LFDQFF.GE HLLESDLFP. TSTSLSPFYL RP........ ........PS FLRAPSW.FD TGLSEMRLEK

    _____________________________________________________________   _____     _____
Disordered Region           β1        β2

                   ------

         52         62         72         81         91        101        110        120        129        139         147
HSP16.5   QHIKVIAWLP GVNKEDIILN AVGDT.LEIR AKRSPLMITE SERIIYSEIP EE.EEIYRTI KLPATVKEEN ASAKF.ENGV LSVILPKAES S...IKKGIN IE
HSP16.3   GRYEVRAELP GVDPDKDVDI MVRDGQLTIK AERTEQKDFD GRS......E FAYGSFVRTV SLPVGADEDD IKATY.DKGI LTVSVAVSE. G...KPTEKH IQ--
sp21      EAYIFKADLP GVDEKDIEVT LTGDRV.SVS GKRE..REKR EESERFYAYE RTFGSFSRAF TLPEGVDGDN VRADL.KNGV LTLTLPKRPE V...QPKRIQ VA--
Oshsp16.9 ESHVFKADLP GVKKEEVKVE VEEGNVLVIS GQRS..KEKE DKNDKWHRVE RSSGQFMRRF RLPENAKVDQ VKAGL.ENGV LTVTVPKAEV K...KPEVKA IE--
HSP18.1   EAHVFKADLP GLKKEEVKVE VEDDRVLQIS GERS..VEKE DKNDEWHRVE RSSGKFLRRF RLPENAKMDK VKASM.ENGV LTVTVPKEEI K...KAEVKS IE--
HSP16-2   QKFAINLNVS QFKPEDLKIN LDGR.TLSIQ GEQELKTD.H G......... YSKKSFSRVI LLPEDVDVGA VASNLSEDGK LSIEAPKKEA V.....QGRS IP--
HSP25     DRWRVSLDVN HFAPEELTVK TKEG.VVEIT GKHEERQDEH G......... YISRCFTRKY TLPPGVDPTL VSSSLSPEGT LTVEAPLPKA VTQ..SAEIT IP--
αA        DKFVIFLDVK HFSPEDLTVK VQDD.FVEIH GKHNERQDDH G......... YISREFHRRY RLPSNVDQSA LSCSLSADGM LTFCGPKIQT GLDATHAERA IP--
αB        DRFSVNLDVK HFSPEELKVK VLGD.VIEVH GKHEERQDEH G......... FISREFHRKY RIPADVDPLT ITSSLSSDGV LTVNGPRKQV S....GPERT IP--
           _______        _______   ________            _____        ________      ___   ______    _______   ____     ___

      β3               β4        β5                 β6              β7     α1    β8        β9     α2      β10
   -----------------------------------------------------------------------------------------------

                     α-crystallin domain

Figure 1 Sequence alignment of HSP16.5 with other small heat-shock proteins

and a-crystallins. The alignment was performed with ‘pileup’ in the GCG

program package27. The sequences aligned are from M. jannaschii HSP16.5,

Mycobacterium tuberculosis HSP16.3, Stigmatella aurantiaca sp21, rice

Oshsp16.9, peaHSP18.1, C. elegans HSP16-2,murineHSP25, bovine aA-crystallin,

and bovine aB-crystallin. The alignment is made only until the last amino acid of

HSP16.5. The secondary structure of HSP16.5 was assigned using PROCHECK26,

and the b-strands are labelled b1–b10.

Table 1 Crystallographic data

Data collection and phasing statistics
Crystal Native (CuKa) Native (NSLS) Se–Met
.............................................................................................................................................................................

Resolution (Å) 30.0–3.2 30.0–2.9 30.0–3.2
Completeness 98.2% 99.7% 99.9%
Rsym 0.071 0.037 0.069
Rmerge 0.11
Rcullis (%)* 0.78
Phasing power† 1.0
Figure of merit (20.0–3.2) 0.258
.............................................................................................................................................................................

Refinement statistics
Resolution 15.0–2.9 Å
NCS-related monomers/asymmetric unit 8
Unique reflections (F . 2j) 22,008
Completeness (F . 2j) 80.6% (8.96)‡
R factor§ 0.216 (0.251)‡
Bond-length deviation from ideality 0.012 Å
Bond-length deviation from ideality 1.505deg
.............................................................................................................................................................................
* Rcullis is the r.m.s. lack-of-error divided by the isomorphous difference.
†Phasing power is the mean Fh divided by the r.m.s. lack-of-error.
‡ Values for the test data aside to calculate the free R factor.
§R factor calculation was made from the data with 2j cutoff.
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covered by the disordered N-terminal residues.
There are eight triangular windows and six square windows with

the edges of the window frames being 30 Å and 17 Å, respectively
(calculated with the side-chain atoms beyond Cb deleted), on the
surface of the hollow sphere of MjHSP16.5. Several negatively
charged residues between b5 and b7 (Glu 90, Glu 101, Glu 103,
and Glu 104) are located around the triangular windows. There are
some charged residues (Asp 75, Lys 110, Glu 117, and Glu 118)
around the square windows. These features are similar to those of
the GroES structure, where there are two Glu residues around the
orifice in the centre of the roof of the GroEL dome16. The size of the
windows is large enough to allow small molecules such as enzyme
substrates and products to diffuse in and out of the sphere. The
triangular windows may be wide enough to allow even extended
peptide chains to thread through them.

As the a-crystallin domain of MjHSP16.5 has a well ordered
folded structure and is involved in subunit contacts, oligomeric
complexes are probably due to the a-crystallin domain. The
hydrophobic residues in the a-crystallin domain that are involved
in maintaining the tertiary structure of the folding unit are relatively
well conserved among all species (Fig. 1). This is consistent with the
finding that the predicted secondary structures and hydrophobic
profiles of the a-crystallin domains of the sHSP family (animal,
plant and bacteria) are almost identical to those of MjHSP16.5 (ref.
17). However, some of the residues involved in subunit contacts are

not conserved among all sHSPs (Fig. 1 and Table 2), suggesting that
the size and the symmetry of oligomers may vary among different
sHSPs although the unique fold of the sHSP monomer is conserved.

Among the diverse physiological functions of sHSPs, their in vitro
chaperone activity appears to be common to most sHSPs. The
assumption that the highly conserved a-crystallin domain may be
important for chaperone activity is contradicted by the observation
that Escherichia coli expressing a rice protein deletion mutant,
Oshsp16.9, fused to glutathione-S-transferase, where the C-term-
inal two-thirds of the a-crystallin domain is missing, is protected
from heat shock18. Another related observation is that mutations
within the phenylalanine-rich region of aB-crystallin, located N-
terminal to the a-crystallin domain, abolish chaperone activity
in vitro without altering the size of their oligomeric complex19. The
N-terminal regions seem to be necessary for oligomerization
because the minimal a-crystallin domain alone fails to form
oligomers and has no chaperone activity in vitro20,21. Taken together,
these observations seem to suggest that, although the a-crystallin
domain is important in oligomeric-complex formation, the N-
terminal residues before the a-crystallin domain are necessary not
only for complex formation but also for chaperone activity.

There are many possible mechanisms to explain sHSPs’ ability to
protect other proteins from denaturation. One is that during the
process of in vivo assembly of the hollow spheres, certain proteins or
RNAs critical for the cells’ survival under stress may get trapped in
or on the outer surface of the spheres. Another is that the oligomeric

Table 2 Intersubunit contacts in HSP16.5

Three-fold
A
B Arg 93–Glu 78
C
.............................................................................................................................................................................

Four-fold
A 142O–72N,142N–72O,144N–70O,145O–122N,147N–122O
B Asp51–Arg 80, Lys141–Glu 78
C Ile 144–Leu70, Ala 72, Leu77, Ala 120, Ala 122, Val 131, Leu133*;
Ile 146–Ile 68, Leu70, Ala 122, Phe124, Leu129
.............................................................................................................................................................................

Two-fold
A. 45O–98N, 47N–96O, 47O–95N, 47O–96N, 49N–93O, 49O–93N,126O–62N
B. Glu92–His53, Glu 92–Lys55, Glu 49–Arg 93, Asp 51–Arg 93
C. Phe42–Phe42, Trp 59, Pro 44; Pro 61–Trp59, Pro 61, Gly 127; Gly 62–Phe42, Val 128;
Ile 86–Ile 48, Ile 57; Ile 88–Ile 48; Ile 94–Ile 48; Ile 95–Ile 35, Ile 47, Pro 112; Tyr 96–Ile 35,
Ile 37, Ile 45, Ile 47; Ile 99–Ile 57, Trp 59; Pro 100–Trp59
.............................................................................................................................................................................
A, Backbone hydrogen bond.
B, Side-chain ionic interaction or hydrogen bond.
C, Hydrophobic interaction.
* Ile 144 in one monomer interacts with the listed residues in the neighbouring monomer.

Figure 2 Representative region of the experimental electron density map

contoured at 1.2s. One b-sheet region and three hydrophobic residues are

labelled.

Figure 3 Overall structure of sHSP. a, A space-filling model of the hollow sphere

viewed along the crystallographic three-fold axis. Each HSP16.5 tetramer is

represented in one colour with different shadings. Top right, schematic of the 24

subunits, drawn as ovals, and their symmetry elements; top left, octahedral

symmetry of sHSP. The holes in the shadow of the sphere are generated by the

triangular and square windows. b, The interior of the sphere is viewed along the

three-fold axis (left) and the four-fold axis (right). The front one-third of each

sphere is cut off to reveal the inside of the hollow sphere. Colour code as in a. An

octahedron oriented in the same way as the corresponding sHSP is shown at the

top.
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form of sHSP is not necessary for chaperone or other stress-related
activity, but is a storage state for sHSPs from which they can be
disassembled quickly in response to the recurrence of external
stress. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Crystallization and data collection. MjHSP16.5 was purified and crystallized
as described11. Selenomethionine-substituted protein was crystallized under
the same conditions. X-ray data of the native and selenomethionine-substrated
crystals were collected at 3.2 Å resolution on a Rigaku R-Axis IIC imaging plate
system. Another native data set was collected at 2.9 Å resolution at the beamline
X12C at the National Synchrotron Light Source, Brookhaven (NSLS). The
native and selenomethionine derivative data were processed and integrated by
DENZO and scaled by SCALEPACK22. There are eight subunits in an asym-
metric unit of the unit cell in the R3 space group with a Vm of 2.2 Å3 dalton−1.

Structure determination and refinement. The first selenium site was found
in the difference Patterson map. The other seven selenium sites were found in
the difference Fourier map by using the phase calculated from the first selenium
site at 3.2 Å. Only eight out of 40 selenomethionines in an asymmetric unit were
found. The initial model was built on the map calculated from the eight
selenomethionine sites and modified by solvent flattening with a solvent
content of 45%. Six NCS operators were found from the initial model: four
two-fold, one three-fold, and one four-fold rotations. The phases were
improved further by averaging over eight NCS-related subunits in an
asymmetric unit using the program DM23. At this stage, the electron density
showed a single polypeptide chain per monomer without any disconnectivity.
Amino acids were assigned from residues 33 to 147 using program O24. The first
32 amino acids were unassignable because of disorder. The other seven subunits
were generated from the first subunit model by the NCS operators.

Several cycles of rigid body refinement, positional refinement, and simulated

Figure 4 Subunit interaction of sHSP. a, Topology of the secondary structure of a

MjHSP16.5 dimer. The first and last residue numbers for each secondary-

structural element are indicated in the top (left) monomer; the secondary-

structural elements are labelled in the monomer at the bottom (right). The first b-

sheet of the top monomer is in blue and the second b-sheet is in yellow, but b6

(also yellow) is from the adjacent subunit. The first and second b-sheets of the

bottom monomer are also shown in different colours (green and pink,

respectively). b, Ribbon diagram of an HSP16.5 dimer viewed along the non-

crystallographic two-fold symmetry axis. The N and C termini are indicated. The

bis-ANS binding sites in the a-crystallin domain of HSP18.1 (ref. 10) are shown in

red. c, Four dimers related by a non-crystallographic four-fold symmetry. d, Three

dimers related by a non-crystallographic three-fold symmetry. e, Several residues

that are involved in ionic interaction in subunit contacts (Table 2) are shown.

Subunits A (yellow) and B (magenta) are related by four-fold symmetry, B and C

(green) by three-fold symmetry, andA andC by two-fold symmetry. Basic residues

are coloured blue and acidic residues are coloured red. Possible ionic interac-

tions are represented as white lines.
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annealing with tight non-crystallographic restraints in X-plor25 were per-
formed at 3.2 Å resolution. The refinements were continued by using the
native data at 2.9 Å resolution collected at the NSLS and resulted in an R value
of 21.6% and a free R value of 25.1% with the bulk solvent correction and B-
factor refinement. The refined model included eight subunits, each containing
116 residues from amino acids 33 to 147. The root-mean-squares deviation for
all atoms among the eight subunits in an asymmetric unit is 0.041 Å. Most
(85.2%) of the non-glycine amino acids were in the most favourable regions,
and the remaining 14.8% were in the allowed region in the Ramachandran plot
drawn by PROCHECK26.
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